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Quality of durum wheat is of importance for pasta production. Our aim was to evaluate 
the quality of released durum wheat at Ethiopia by the use of pheno-quality traits as well as 
composition and amount and size distribution of proteins; these attributes were also com-
pared with the same ones for Spanish released wheat grown in the same environment. Large 
variation was obtained among the released durum wheat for all parameters investigated. The 
evaluation of protein parameters indicated the varieties Klinto, LD-357, Tob-66 and Ude to 
have suitable protein composition for pasta production, while Tob-66 showed high protein 
concentration and Tob-66, LD-357 and Yerer showed high gluten strength. The most promis-
ing Ethiopian variety for pasta production as to the results from the present study was 
Tob-66. Also, LD-357 showed promising protein characteristics, although the kernels were 
white, which is not desired for pasta production. Some of the evaluated varieties might be of 
interest for production of local leavened bread although the quality is not good enough for 
pasta production.
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Introduction
Durum wheat (Triticum turgidum L. subsp. durum) is one of the tetraploid (AABB, 
2n = 4x = 28) wheat species of commercial importance and it has specific quality attrib-
utes making it suitable for pasta production (Bechere et al. 2002). Therefore, durum 
wheat is widely cultivated at present although it is not grown to the same extent as com-
mon hexaploid wheat (Peña et al. 2002). Most work as related to baking performance and 
its background, has been carried out in hexaploid wheat (Johansson et al. 2013), although 
substantial variation has been seen for gluten strength and baking performance also in 
durum wheat (Boggini and Pogna 1989; Rharrabti et al. 2003). The technological proper-
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ties of wheat flour are strongly dependent on wheat genotype and growing conditions, and 
are mainly determined by composition, structure and quantity of gluten proteins (Wieser 
et al. 1998; Gulia and Khatkar 2015). Protein polymerization during dough formation and 
baking is among the most important parameters determining bread-making quality (Jo-
hansson et al. 2013). The ability of the wheat proteins to polymerise can be measured 
using Size Exclusion-High Performance Liquid Chromatography (SE-HPLC) in the grain 
(Johansson et al. 2005, 2008) and in the dough (Hussain et al. 2012). Besides SE-HPLC, 
also reversed-phase (RP)-HPLC has frequently been used to relate the quantity of gluten 
protein fractions to flour properties (Gupta and Macritchie 1994; El Haddad et al. 1995; 
Gupta et al. 1995, 1996; Ciaffi et al. 1996; Fu and Sapirstein 1996; Wieser et al. 1998). 
The SE-HPLC has been used in some studies to evaluate the protein polymerisation in 
durum wheat during pasta production (Liu et al. 1996). However, to our knowledge, no 
study is available that has evaluated genotypic variation in protein composition and 
amount and size distribution of polymeric protein in durum wheat using SE- and RP-
HPLC. Furthermore no study has evaluated relationships between the mentioned protein 
parameters and quality in durum wheat.
The aim of this study was to i) evaluate variation in amount and size distribution of 
polymeric protein as well as protein composition determined by SE- and RP-HPLC and 
SDS-PAGE in released varieties of durum wheat both at Ethiopia and Spain, ii) investi-
gate whether the mentioned protein parameters differ between Ethiopian released varie-
ties and some Spanish released durum wheat varieties grown in the same environment, 
and iii) determine whether significant correlations exist between the mentioned protein 
parameters and different quality assessment parameters normally used to  assess the qual-
ity of durum wheat. 
Materials and Methods
Plant material 
Ten released varieties of tetraploid wheat were obtained from the Debre Zeit Agricultural 
Research  Centre,  Ethiopia  and  additional  five  released  varieties  were  obtained  from 
Spain. The sample was taken randomly as a matter of chance from Spain and Ethiopia. 
All the fifteen varieties were grown in Dessie Zuria district at a farmer’s piece of land 
(Table S1*). 
Experimental design and pheno-quality evaluation
The wheat varieties were sown in the 2009 main cropping season applying random com-
plete block design with two replications. The plot size was 2.5 m2 consisting of six rows, 
2.5 m long and spaced apart by 20 cm. Standard management practices were exercised. 
The pheno-quality traits were characterized according to Hailu et al. (2010). 
*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Analysis of HMW and LMW glutenin subunits 
The gliadin and glutenin subunits were extracted from individually ground grains and the 
proteins were separated on 10% polyacrylamide gels in the presence of sodium dodecyl 
sulphate (SDS–PAGE) (Hailu et al. 2006). Then, in order to determine the gluten compo-
sition, the gels were stained with Coomassie Brilliant Blue R-250 solution at-least over-
night according to Johansson et al. (1993) and de-stained in 8% (w/v) trichloroacetic acid 
(TCA) for a day. Finally, the nomenclature or designations of Payne and Lawrence (1983) 
and Nieto-Taladriz et al. (1997) were used for the high molecular weight (HMW) and low 
molecular weight (LMW) glutenin subunits (GS), respectively. 
Preparation of flour
An IKA A10 experimental mill was used to mill the tetraploid wheat samples at a maxi-
mum speed of 20,000 rpm. The whole wheat flour was then used for protein extraction 
and analysis by High Performance Liquid Chromatography (HPLC). 
SE (Size Exclusion)-HPLC
The SE-HPLC analyses carried out in duplicates on two separately extracted samples, 
basically following (Labuschagne et al. 2004) method. The two-step protein extraction 
procedure developed by Gupta et al. (1993) was applied with some modification. For the 
first extraction step, the proteins soluble in SDS; 11 mg of tetraploid whole wheat flour 
were suspended in 1.0 ml of 0.5% (w/v) SDS-phosphate buffer (pH 6.9) and the samples 
were vortexed for 10 sec. Samples were then stirred for 5 min at 2,000 rpm and centri-
fuged for 30 min at 10,000 rpm to obtain the supernatant. Following centrifugation, the 
supernatant was filtered  through a 0.45 µm Acrodisc® non-sterile  syringe filter  into a 
glass vial before injecting it into the HPLC system.
For the second extracts that contain proteins soluble in SDS only after sonication, the 
pellet was subsequently re-suspended in 1.0 ml of 0.5% (w/v) SDS-phosphate buffer and 
sonicated in an ultrasonic disintegrator fitted with a 3-mm exponential tip, for 30 sec at 
amplitude 5. The samples were then centrifuged for 30 min at 10,000 rpm. The superna-
tants were filtered as before and then injected into the HPLC system. Samples were ana-
lyzed in duplicate. 
The SE-HPLC analyses were performed on a Shimadzu LC-20AT system, with a UV/
VIS photodiode array detector according to Labuschagne et al. (2004). The percentage of 
total unextractable polymeric protein in the total polymeric protein was calculated ac-
cording to Gupta et al. (1993) and Johansson et al. (2005, 2008) with modifications. 
RP (Reverse Phase)-HPLC 
Protein extraction was carried out in two steps starting with extracting the gliadins in the 
first step, followed by the glutenins in the second step. The extraction procedure of pro-
teins for RP-HPLC analyses developed by Marchylo et al. (1989) was used with some 
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modification according to Labuschagne and Aucamp (2003). In this procedure, the pro-
teins were extracted stepwise to isolate gliadins and glutenin subunits. Hundred milli-
grams of tetraploid whole wheat flour samples were extracted with 1 ml 70% (v/v) etha-
nol for 30 min at room temperature with continuous shaking. Following centrifugation at 
14,000 rpm for 5 min, the supernatant was filtered through an Acrodisc® 13 ml Syringe 
filter and was transferred at 4 °C till analysis. 
Statistical analyses
The SAS software program (SAS, 2004) was used to evaluate differences among varieties 
and countries of release. Also, the relationships among pheno-quality characters and the 
composition of grain protein parameters from HPLC data were studied using this pro-
gram. Spearman rank correlation analyses, ANOVA followed by mean value calculations 
and separation of means using the Duncan post-hoc analysis as well as principal compo-
nent analysis (PCA) was applied for the analysis. 
Results
Pheno-quality
Large variation was obtained among the varieties for all pheno-quality characters evalu-
ated (Table S2). Significant differences were also found between the durum wheat mate-
rial originating from Ethiopia and that originating from Spain. The material originating 
from Ethiopia showed longer time to heading, shorter height, darker glumes with less 
hair, lighter, less dense and longer spikes, and lighter kernels compared to those originat-
ing from Spain. 
Protein composition 
Table S1 summarizes the allelic composition at the Glu-A1, Glu-B1, Glu-A3, Glu-B3 and 
Glu-B2 loci of the durum wheat varieties analyzed. At Glu-A1, only one durum wheat, 
Arendeto, was found with the 2**** subunit, while all the other investigated varieties 
showed the null allele. The most frequent subunits at Glu-B1 were 7 + 8 present in 73% 
of the varieties, followed by the subunit 20 in 33% of them. Subunits such as 14 + 15 and 
6 + 8 were also observed in the investigated durum wheat. A total of 13 alleles of LMW 
glutenin subunits were found in the material, and of these five, six and two alleles were 
encoded by the Glu-A3, Glu-B3 and Glu-B2 loci, respectively. No obvious difference in 
composition of HMW glutenin subunits could be detected in the wheat material used in 
the study. 
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Amount and size distribution of polymeric protein 
A significant relationship was found among the released varieties in protein composition 
measured through SE-HPLC (Table S3). The protein factors measured and evaluated, 
SDS-extractable and SDS-unextractable PP and MP as well as TOTE, TOTU, %UPP and 
%Large UPP were found to vary significantly with variety (Table S3). 
Quantification of protein fraction by RP-HPLC
A total of 34 gliadin peaks were differentiated by RP-HPLC. Furthermore, a total of 46 
glutenin (Glu) peaks were resolved while separating the glutenin extract on the RP-
HPLC. Presence and absence of peaks varied among the varieties as did the amount of 
various peaks. A significant positive or negative correlation was also found between some 
of the specific peaks detected. Low total amounts of gliadins (Gli) were found in the va-
rieties in Boohai and Foka while high amounts were found in Tob-66, and Mexicali. For 
total amounts of glutenins, low amounts were found in the Ethiopian varieties Quamy and 
Ude while high amounts were found in Tob-66, Mexicali, LD-357 and Langdon. No over-
all significant difference in total amounts of gliadins and glutenins were found between 
Ethiopian and Spanish wheat.
Relationships among pheno-quality data and protein parameters
Significant positive correlation was found between days to heading (DH) to TOTE and 
Gli. A significant negative correlation was found between spike density (SD) and both 
TOTE and Gli. Furthermore, there was a significant negative correlation between TOTE 
and kernel length (KL) and between Gli and awn length (AL). A negative significant cor-
relation was also found between TOTU and Glu and plant height (PH) (Table S4). 
A strong significantly positive correlation was found between TOTE and Gli, and TOTU 
and Glu, respectively. Percentages of UPP and of Large UPP also correlated significantly 
and positively with some of the traits and peaks as described above.
While evaluating variation of pheno-quality parameters and protein parameters meas-
ured by SE-HPLC applying principal component analyses, the first and second principal 
component was found to explain 25.9 and 25.4% of the total variation, respectively 
(Fig. S1A). The first principal component was strongly associated with spike density, awn 
length, awn colour, days to heading, total extractable protein and plant height. Thus, the 
first component can be regarded as a yield/grain protein concentration component. The 
second principal component was associated with total unextractable polymeric protein, 
glume color, large unextractable polymeric protein in total large polymeric protein, and 
spike length and thereby had more of a protein polymerisation element in it. The principal 
component analyses did not group the varities according to the origin (Fig. S1B). Thus, 
there was a mixture of high and  low values of  specific quality parameters  in both  the 
Ethiopian and the Spanish plant material. For example, the Ethiopian variety Yerer had 
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high values of %UPP and %Large UPP while the Ethiopian variety Foka had low values 
of those protein parameters. 
Principal component analyses on the RP-HPLC data showed that the first two principal 
component analyses only explained 39.7% of the total variation among varieties (data/
figure not shown). Furthermore,  the principal component analyses based on RP-HPLC 
data was not able to differentiate the varieties originating from Spain and Ethiopia.
Discussion
The present study showed a large variation in amount and size distribution of polymeric 
proteins as well as in protein composition determined by SE-HPLC, RP-HPLC and SDS-
PAGE among Ethiopian released tetraploid wheat varieties of durum wheat. The results 
also showed that the Ethiopian released durum wheat varieties out leveled the Spanish 
released varieties included in the present study, in terms of variation in amount and size 
distribution of proteins when grown in similar environmental conditions. Thus, there 
might be a possibility to breed Ethiopian durum wheat varieties that meet the quality re-
quirements for African as well of European pasta production industry.
The Ethiopian released varieties showed some variation in composition of HMW-GS 
although all of the varieties showed either 6 + 8, 7 + 8 or 20 or a mixture of these. One 
variety was found showing the 2**** subunit, previously reported in Ethiopian durum 
wheat by (Hailu et al. 2006).  A larger variation was seen in the composition of LMW-GS, 
which also corresponds  to previous  investigations  (Hailu et al. 2006). Specific protein 
composition in durum wheat has been related to quality for pasta production, e.g. LMW-
2 and LMW-1 have been related to good and poor pasta quality, respectively (Pogna et al. 
1990; Ruiz and Carrillo 1995; Labuschagne et al. 2004; Martinez et al. 2004). Further-
more Glu-A3a and Glu-A3d have been correlated to good pasta quality (Branlard et al. 
2003). Equivalence models for allelic composition, LMW patterns and quality have been 
developed (Payne et al. 1984; Nieto-Taladriz et al. 1997) and these models have also been 
adapted to the Ethiopian durum wheat material (Hailu et al. 2006). Applying this model 
indicate a good quality as related to LMW-GS of several of the Ethiopian varieties, i.e. 
Arendeto, Boohai, Foka, Klinto, LD-357, Tob-66, UDE and Yerer. However, some of the 
mentioned varieties were not found to be homogeneous which can influence quality per-
formances of the material. Some of the mentioned varieties showed HMW-GS 20 en-
coded at Glu-B1 (Boohai, Foka, Yerer), known to be related to less gluten strength than, 
e.g.  HMW-GS  7 + 8  (Johansson  and  Svensson  1995).  Regarding  the  durum wheat  of 
Spanish origin, it showed similar diversity as the Ethiopian durum wheat in terms of 
HMW- and LMW-GS. 
RP-HPLC analyses also showed large variation among varieties in composition of 
protein  subunits  with  specific  peaks  in  certain  varieties  and  also  with  variations  of 
amounts of certain peaks. Almost no significant differences in amounts of specific peaks 
were however found in the Ethiopian wheat as related to the Spanish wheat. Thus, the 
RP-HPLC data mainly revealed the diversity of the material investigated although spe-
cific peaks could not be related to quality data. As for total amounts of gliadins and glu-
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tenins variation was found among the varieties with Tob-66 and Mexicali both having 
high total gliadins and glutenins indicating high protein concentration in these varieties. 
The varieties LD-357 and Langdon showed high total glutenins with no corresponding 
high gliadins which might indicate high gluten strength in these varieties. High total glu-
tenin/gliadin content has in several investigations been reported to correspond to high 
gluten strength (Sissons et al. 2005).
The TOTE has in previous investigation been used as an indicator of grain protein 
concentration (Malik et al. 2011, 2013). A large variation was found for TOTE in the 
present investigation, with high values in the Ethiopian varieties Tob-66, Quamy and 
Foka while low values were found in the Ethiopian varieties Boohai and LD-357, and the 
Spanish variety Alaga. The lowest value was only 56% of the highest value indicating 
large variation in protein concentration in the material. Previous investigations have 
shown a clear positive correlation between protein concentration and bread volume 
(Finney and Barmore 1948), but also with protein concentration and decreased gluten 
strength and increased relative amount of gliadins to glutenins in the flour (Johansson et 
al. 2013). Thus, protein concentration in the durum wheat grain contributes to pasta qual-
ity where the protein network during the drying process is known to be an important 
quality parameter (Finney and Barmore 1948). While comparing the Ethiopian varieties 
with the Spanish varieties, no general significant relationship due to origin of the wheat 
was found. 
The percentage of UPP has in previous investigations been related to gluten strength in 
wheat (Malik et al. 2011, 2013) although %UPP during mixing has also been found to 
change independently as related to content in the mature grain (Hussain et al. 2012). The 
latter is thus an important character, as changes of UPP and formation of a suitable net-
work during the drying process is important features to produce pasta of good quality 
(Bruneel et al. 2010; Johansson et al. 2013). A large variation was found in %UPP in the 
durum wheat varieties in the present investigation, with high values in Yerer, Mexicali, 
Langdon and LD-357, and low values in Foka, Quamy and Ude. The lowest value was 
only 40% of the highest value indicating large variation in the gluten strength of the mate-
rial. 
The present study showed a highly significant correlation between TOTE and the total 
amount of gliadins as well as between TOTU and %UPP and the total amount of glutenin. 
These results correspond to a significant correlation between the grain protein concentra-
tion, total gliadin content and TOTE that has been revealed in several previous studies 
(Carrillo et al. 1990). The relationship between total amount of glutenins, extractability of 
proteins and polymerization of the gluten proteins has also previously been claimed (Car-
rillo et al. 2000) although maybe not as clearly shown as in the present study.
One aim of  the present  study was  to  evaluate whether  any  significant  relationships 
existed among the evaluated protein parameters and the different quality parameters used 
for quality assessment of the Ethiopian durum wheat varieties. The most interesting cor-
relation data obtained is the positive correlation between TOTE and total amount of glia-
dins and days to heading meaning that the later the variety matured the higher grain pro-
tein concentration the variety obtained. A later maturation time of wheat is often related 
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to higher green biomass accumulation during plant development and thereby to a higher 
grain starch accumulation during grain filling (Johansson et al. 2013). A higher starch ac-
cumulation in the grain is well known to lead to lower protein concentration in the grain 
as the protein accumulation does not increase to the same extent as do the starch accumu-
lation (Jenner and Rathjen 1972). Thus, the positive correlation between grain protein 
concentration and days to heading in the present study was not expected and must be 
explained by the use of diverse genetic material. The most likely explanation for the 
found correlations is genetically determined variation in grain protein concentration and 
maturation time and we accidentally must have selected some varieties performing differ-
ent than the ones usually found. Another possible explanation might be that most relation-
ships previously reported refer to hexaploid bread wheat grown under European or the 
USA growing conditions and the present study was carried out on durum wheat grown in 
Ethiopia. Thus, more studies are needed applying growing conditions from other areas 
than the ones in Europe and the USA. The seed texture parameter evaluated in the present 
study can be seen as related to grain hardiness, an important parameter for pasta produc-
tion (Sissons et al. 2005). Highest values for seed texture were seen for the varieties 
Arendeto, Asassa, Klinto, Yerer and the Spanish variety Alaga. No significant differences 
were seen between the wheat of different origin. The yellow color of the flour is also an 
important character for pasta production, a large number of the evaluated varieties showed 
yellow kernels, Asassa, CDB and LD-357 showed white kernels.
A large variation was seen in the investigated Ethiopian released durum wheat varie-
ties regarding protein composition, amount and size distribution of polymeric proteins 
and pheno-quality data. The protein evaluations here indicated some of the Ethiopian 
varieties to be better for pasta production than others. Equivalence modeling of the allelic 
composition of the Ethiopian varieties together with evaluation of HMW-GS indicated 
that the varieties Klinto, LD-357, Tob-66 and UDE might be interesting for pasta produc-
tion (part of Arendeto and Boohai as well although these two varieties were not homozy-
gous). High values of protein parameters indicating gluten strength (high total glutenin 
content, %UPP) was found in the varieties Tob-66 (high Glu), LD-357 (high Glu and 
%UPP) and Yerer (high %UPP). Tob-66 also showed high total gliadin content and high 
TOTE, thus having high protein concentration. 
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